Abstract: Atrial fibrillation (AF) is the commonest arrhythmia in humans and is associated with marked reduction in quality of life and an elevated thromboembolic risk. Paroxysmal, persistent, and permanent forms of AF have been recognized. Whilst antiarrhythmic drugs are considered as first-line therapy, the role of catheter ablation is increasing due to its superior efficacy in terms of quality of life and reduction in AF burden. The central paradigm for catheter ablation of AF is that triggers for AF are located near and within the pulmonary veins (PVs), and electrical isolation of the PVs from the left atrium forms the cornerstone of most catheter ablation strategies. Whilst paroxysmal form is generally trigger dependent, persistent and permanent forms are associated with variable interaction between triggers and "substrate" comprised of atrial and PV electrical and structural remodeling. Nevertheless, isolation of the PVs still forms a critical component of catheter ablation strategies, regardless of AF type. Procedural efficacy, however, is limited by PV conduction recovery. This is likely due to deficiencies in ablation tools or limitations of intraprocedural assessment of lesion efficacy. Careful attention to surrogates of tissue heating, such as impedance decrease and electrogram morphology changes, along with advances in catheter technology like contact force catheters may improve rates of durable PV isolation and single-procedural success. This review discusses the mechanism of paroxysmal AF with particular focus on the role of the PVs in AF initiation and PV isolation in the management of AF.
Introduction
Atrial fibrillation (AF) is the most prevalent cardiac arrhythmia in humans. 1 Several randomized trials and meta-analyses have demonstrated the superiority of catheter ablation compared to antiarrhythmic drugs or rate-control agents in terms of AFfree survival. Isolation of the pulmonary veins (PVs) has become the cornerstone of catheter ablation for prevention of AF.
2 Although several energy sources are either available or being investigated for catheter ablation, radiofrequency (RF) energy and cryoablation are the main sources. The purpose of this review is to summarize the contribution of the PVs to AF maintenance, and to review pertinent aspects of PV electrophysiology that contribute to AF. Furthermore, we examine the critical role of pulmonary vein isolation (PVI) by percutaneous RF catheter ablation in the management of AF, remaining focused on paroxysmal AF alone. A detailed discussion about the mechanism of persistent AF is beyond the scope of this review and is discussed elsewhere. [3] [4] [5] [6] [7] [8] The current discussion also focuses
Epidemiology of AF
The prevalence of AF doubles with each decade over the age of 55 years, independent of known preexisting conditions, occurring in 0.1% in those under 55 years of age, and increasing to 9.0% in those aged over 80 years. 10 The lifetime risk of developing AF is ∼25% in those who have reached the age of 40. 11 AF is a rapidly growing epidemic with a projected prevalence of 5.6 million by 2050 in the USA alone. 1 AF is associated with significant impairment in quality of life, with a four-to fivefold increase in the risk of stroke, a doubling of risk for dementia, tripling of the risk of heart failure, and 40%-90% increased risk of mortality. 12 Furthermore, AF is also a costly public health problem with hospitalization as the primary cost driver. 13 Costs are strongly influenced by the number of arrhythmia recurrences, with 1-2 recurrences of paroxysmal AF costing US$6,331 and $3 recurrences costing US$10,312. 14 
Type of AF
Broadly, three types of AF are recognized: 15 1 ) paroxysmal AF (self-terminating episodes usually within 48 hours but lasting ,7 days), 2) persistent (episodes lasting .7 days and requiring electrical or pharmacological reversion) or long-standing persistent (AF lasting 1 year and a rhythm control strategy is adopted), and 3) permanent AF (in which cardioversion failed or was not attempted due to patient or physician preference). When paroxysmal AF occurs in the absence of structural heart disease or clinical risk factors for AF, it is often termed "lone AF". The distinction between different forms of AF is of particular relevance to the underlying mechanism and likelihood of success of catheter ablation. Whilst "triggers" located in the PVs drive paroxysmal AF, the conventional paradigm is that persistent and permanent forms are associated with atrial electrical and structural remodeling predicated by underlying atrial fibrosis and maintained by spatially disorganized mechanisms. Recently, there has been significant interest in the hypothesis that AF may be initiated and/or maintained by localized "rotors" and focal sources that are not necessarily constrained to the PVs are bi-atrially distributed (even in paroxysmal AF), and can be targeted with focal ablation in an attempt to improve outcomes. 16 A detailed discussion of the ongoing research on this topic is beyond this review and is covered in detail elsewhere. 7 Persistent and permanent forms of AF are often associated with structural heart disease and clinical risk factors for AF. The classification also has some predictive clinical value in that paroxysmal AF is more amenable to rhythm control using catheter ablation. 17 Furthermore, success rates of catheter ablation are highest for lone AF but fall with increasing persistence, comorbidities, and presence of structural heart disease.
18

Role of the PVs in AF
Whilst anatomic studies had shown that atrial myocardium extends into the PVs many years ago, 19 the importance of this finding was not recognized until the seminal work by Haïssaguerre et al. 2 Their study was the first to highlight the importance of the PVs as an important source of triggers that initiate AF. The authors demonstrated that repetitive activities with a very short cycle length were localized to 2-4 cm within the PVs and that these could act as the initiating triggers of paroxysmal AF. Furthermore, targeted RF ablation of these foci could effectively treat AF in 62% of patients. 2 Since then, there has been repeated confirmation of the key role of the PVs; however, a clear understanding of the underlying mechanisms has remained elusive.
17
Arrythmogenicity of the PVs: lessons from bench studies
Studies in isolated PV preparations have demonstrated that abnormal automaticity, triggered activity, and reentry may all occur under certain circumstances ( Figure 1) . 2, 17, 20, 21 The arrhythmogenic source of PV triggers is thought to exist within a sleeve of myocardial tissue extending from the left atrium (LA) onto the anatomical PVs.
There is conflicting evidence as to whether specialized pacemaker-type cells capable of automaticity are present within PV myocytes. Whilst some studies have shown atrioventricular (AV) nodal-like cells or cells that express markers that belong to the conduction system, this has not been definitively proven in human studies. 3 PV myocytes have a larger density of slow delayed rectifier current (IKs), and rapid delayed rectifier current (IKr); they also have a lower density of transient outward current (Ito) and L-type calcium current (ICaL) than atrial tissue. PVs thus have a more depolarized resting membrane potential, and shorter duration action potential with a slower upstroke velocity, factors implicated in a larger propensity for reentry. 22 These studies have shown that PVs exhibit absence of automaticity, spontaneous diastolic depolarisations or after-depolarisations.
In contrast, PVs can show spontaneous activity with unusual and heterogeneous action potential morphologies, and the presence of increased early and late after-depolarizations particularly during sympathomimetic conditions. 23 In some studies, the response of PV activity to adenosine is more consistent with a reentrant than a focal ectopic type of mechanism.
24,25
Anatomic basis for PV arrhythmogenicity
The complex anatomy of the PVs and the PV-LA junction also provides the perfect anatomic substrate, promoting unidirectional block, slowed conduction, fractionation, and anisotropy -key elements that promote reentry within and around the PVs. 21 In the literature, there are several distinctive anatomical features of this region that have been recognized including: 1) circumferential bundle of muscular sleeves encircle the PV ostium; 19, 26, 27 2) multiple layers of branching fibers from multiple complex connections at the PV-LA junction; 3) abrupt changes in fiber orientation; 4) thicker muscle sleeves at the PV-LA junction, especially at the intervenous ridge that tend to taper off distally; 19, 26, 27 5) longer muscular sleeves in the superior veins than in the inferior veins; 28 and 6) a high density of epicardial ganglionated subplexus located in the inferior portions of the PVs which are thought to play an important role in the autonomic modulation of PV triggers. 29, 30 Abrupt changes in PV fiber orientation promote unidirectional block and slow conduction within the PVs.
21
Arrhythmogenicity of the PVs: lessons from electrophysiologic studies Jaïs et al characterized the electrophysiological properties of PVs in patients with paroxysmal AF in comparison to controls without AF. 31 AF patients had shorter venous effective refractory periods (ERPs) compared to the LA ERPs, whereas in controls, PV ERPs were longer than the LA ERPs. Venous ERPs and functional refractory periods in AF patients were shorter than controls whereas LA ERPs were not significantly different. The PVs of AF patients demonstrated pronounced decremental conduction, with AF inducibility more likely when pacing from within the PVs than the LA. The authors postulated that long conduction times in PVs combined with short ERPs and functional refractory periods provide a very favorable milieu for reentry in or around the veins, thus serving as a substrate for AF maintenance. Whilst the PVs are thought to possess necessary substrate for reentry, the PVs are highly susceptible to electrical remodeling with short episodes of AF. 32, 33 In their study, 15 minutes of AF induced from within the PVs in patients with no history of AF resulted in significant shortening of refractoriness, marked conduction delays, and an increased number of secondary episodes of AF. In fact, the extent of electrical abnormalities in the PVs was more pronounced than the LA, suggesting that "AF begets AF" in the PVs.
Teh et al extended this work by characterizing the electroanatomical substrate of the PVs in patients with paroxysmal 
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Kumar and Michaud and persistent AF in the absence of structural heart disease compared to controls without AF. 33 Compared to controls, the PVs of patients with AF had lower mean voltage, a higher percentage of low voltage areas, and shorter PV muscle sleeves. AF patients had shorter ERPs, slower conduction, and more prevalent complex signals compared to controls. Patients with persistent AF had even more marked changes, with a higher percentage of low voltage, slower conduction, and more complex signals compared to paroxysmal AF patients. These findings suggested the development of a progressive electroanatomical substrate in AF patients from an underlying fibrotic process or increased heterogeneity of muscle distribution within the PVs. This fibrotic substrate could facilitate arrhythmogenesis through heterocellular-gap junctional coupling of myofibroblasts with adjacent myocytes causing electrotonic modulation of conduction. 34 Lee et al performed high-density mapping of the right superior PV-LA junction in humans undergoing cardiac surgery to characterize the electrophysiologic properties of this region that appears critical for AF sustenance. 35 The authors found that pacing produced a line of functional delay and block at the PV-LA junction preceded by significant increases in conduction slowing, the appearance of double potentials, and fractionated electrograms. Decremental conduction during programmed electrical stimulation resulted in circuitous activation patterns at the PV-LA junction, creating the substrate for reentry or result in wavebreak and fibrillatory conduction in the presence of PV focal discharge. 35 During conditions of atrial stretch (eg, heart failure, mitral regurgitation), which is an important trigger for AF, the PV-LA junction exhibited electrophysiological changes predisposing to reentry, such as exaggeration of conduction slowing, alongside significant increase in fractionated electrograms with increasingly premature extrastimuli. 36 Stiles et al showed that the electrical and structural changes seen in the PVs in patients with paroxysmal AF also occur in the atria; these authors showed widespread atrial abnormalities in patients with paroxysmal lone AF remote from episodes of AF. 37 AF patients had marked structural abnormalities characterized by atrial dilatation and lower mean bi-atrial voltage suggesting loss of atrial myocardium. There were also marked bi-atrial conduction abnormalities, including prolongation of conduction times, slower conduction velocity, site-specific conduction delay at the crista terminalis, increased proportion of complex electrograms, prolonged P-wave duration, and sinus-node dysfunction in AF patients compared with controls. This study demonstrated that, aside from the arrhythmia itself, patients with paroxysmal lone AF have an abnormal atrial substrate characterized by structural change and conduction slowing that may predispose to AF episodes.
Autonomic influences on PV arrhythmogenicity
The autonomic nervous system also plays a critical role in paroxysmal AF. 38 The PVs and PV-LA junction are richly innervated with autonomic nerves. This includes clusters of autonomic ganglionated plexi (GPs), located in specific epicardial fat pads and within the ligament of Marshall. 39 A dynamic relationship between the parasympathetic and sympathetic nervous system plays a critical role in the initiation of AF. AF onset can be preceded by altered autonomic activity or change in autonomic balance rather than increase sympathetic or parasympathetic drive alone. 40, 41 Studies have reported a primary increase in adrenergic activity followed by marked vagal activity immediately prior to the onset of paroxysmal AF. 38 Vagal activity enhances the acetylcholinedependent potassium channels, shortening action potential duration and stabilizing and accelerating reentrant rotors. 42, 43 Moreover, the stereotypical predominance of AF-maintaining sources for the LA in patients with paroxysmal AF is explained by the larger potassium current densities found in left versus right atrial cardiomyocytes responsible for the left-to-right frequency gradient of activation found in this subset of patients. 44 Sympathetic stimulation increases diastolic calcium leak and promotes delayed after-depolarization-induced ectopic firing. 45 Gould et al demonstrated evidence of heightened atrial sympathetic innervation in the right atrial appendage of persistent AF patients compared to controls undergoing bypass surgery, suggesting autonomic remodeling as part of the atrial substrate for AF maintenance. 46 Animal models of rapid atrial pacing and heart failure have noted that AF onset is preceded by simultaneous sympathovagal discharges. 47 Autonomic neural remodeling contributes to positive feedback loops that are thought to be essential for AF persistence and recurrence; remodeling of this sort may predispose AF to sustain itself in the first few hours. 48 In ablation studies, focal firing within the PVs is often eliminated by ablation, potentially suggesting that interruption of the nerves from the ganglionic plexus to the PVs may have a role in the success of PVI procedures. 49, 50 Indeed, a recent randomized study showed that recurrent atrial arrhythmias was significantly lower when ganglionic plexus ablation was combined with PVI compared to PVI alone in 248 patients randomized to either circumferential PVI 
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Pulmonary vein isolation in the treatment of atrial fibrillation (n=78), anatomic ablation of the main left atrial ganglionated plexus (GP) (n=82); or circumferential PVI followed by anatomic ablation of the main left atrial GP (n = 82). 51 It is also plausible that axonal regeneration may contribute to late recurrence of AF. 39 
Isolation of the PVs as the cornerstone of catheter ablation of AF
Since the seminal observation by Haïssaguerre et al, there has been a dramatic increase in the number of catheter ablation procedures for AF worldwide. 52 Indeed, current AF guidelines state that catheter ablation should be considered as first-line treatment for the treatment of symptomatic, drug-refractory paroxysmal AF. 39 This procedure involves proximal circumferential PV isolation not only of the underlying arrhythmia mechanism 2 but also of the potential "substrate" for reentry at the PV-LA junction, including modification of autonomic nervous system (Figure 2) . 39 The wide antral lesion set may also encompass less common trigger sites for AF including the ligament of Marshall and the posterior LA wall as well as reducing the mass of atrial tissue needed to sustain reentry in and around the PV-LA junction.
A randomized trial showed superiority of a large circumferential lesion set around both ipsilateral PVs with verification of conduction block as being more effective treatment of AF than segmental isolation. 53 A meta-analysis of 12 trials including ∼1,200 patients concluded that a wide antral approach is more effective than ostial PVI in achieving freedom from total atrial tachyarrhythmia recurrence at long-term follow-up; however, this analysis included patients with paroxysmal and persistent AF. 54 These findings are also consistent with the observation that the size of the isolated left atrial area correlated with significantly lower recurrence of AF and macroreentrant tachycardias after PVI for paroxysmal AF. 55 PV isolation remains critical not only for paroxysmal AF but also as part of the initial ablation strategy in persistent and long-standing persistent AF. 56 In a meta-analysis of 46 persistent AF ablation studies comprising ∼3,800 patient outcomes (defined as AF recurrence, compared to medical therapy) were better if the PVs were encircled (odds ratio 0.26); electrical isolation compared with purely anatomic encirclement significantly reduced AF recurrence (odds ratio 0.33). 56 Several randomized trials [57] [58] [59] [60] and meta-analyses of randomized and nonrandomized studies 57, [61] [62] [63] over the past decade have demonstrated the superiority of catheter ablation in terms of AF-free survival (∼71%) compared to antiarrhythmic drugs or rate-control agents alone (∼52%). Importantly, AF-free survival is maintained over long-term follow-up (∼5 year) in the vast majority of patients with paroxysmal AF (63%-80%) with a low incidence of progression to chronic AF (∼2%), however, necessitating multiple procedures. 57, [64] [65] [66] [67] [68] Some proponents argue for earlier ablation in patients with paroxysmal AF to prevent progression to persistent forms, which is typically associated with the presence of structural heart disease or cardiomyopathies. 69 Catheter ablation has also been shown to be superior to antiarrhythmic drugs with improvement in quality-of-life scores relative to baseline, alongside restoration to levels at or above population norms. [58] [59] [60] One randomized trial comparing the efficacy of catheter ablation with antiarrhythmic drugs as first-line 
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Kumar and Michaud treatment in patients with paroxysmal AF found no significant difference between the two groups. However at 24 months, freedom from AF, burden of AF, and physical well-being were significantly better in the ablation group compared to the drug therapy group. 70 A recent meta-analysis also suggested the beneficial effect of catheter ablation both as a first-line (relative risk 0.52) and as a second-line (relative risk 0.3) therapeutic modality for patients with AF. 71 Complete electrical disconnection of the PVs from the LA is an important electrophysiological end point responsible for achieving reliable control of this arrhythmia. 39, 72, 73 Lee et al elegantly demonstrated the critical role of durable PVI in the maintenance of sinus rhythm by examining patients undergoing double lung transplantation where a "cut and sew" PV antral isolation analogous to a catheterbased approach is performed as part of the transplantation procedure. The authors followed double with single lung transplant versus non-transplant thoracic surgery patients for a period of ∼5 years, showing that double, but not single, lung transplant provided long-term freedom from AF. Only 0.5% of the double lung versus 12.6% of the single lung transplant versus 11.4% of the nontransplant in thoracic surgery patients developed AF recurrence in follow-up, demonstrating the critical role of the PV in the pathogenesis of AF and the importance of durable PV electrical isolation as the cornerstone in strategies for the long-term prevention of AF. 74 The end point for PVI is generally accepted to be elimination (or dissociation) of the PV potentials recorded from either one or two circular mapping catheters or a basket catheter within the ipsilateral PVs (Figure 3) , and/or exit block from the PVs. 39 In contrast to the aforementioned data, some recent studies have questioned whether empiric isolation of all four PVs is necessary for successful catheter ablation of paroxysmal AF. 75, 76 Dixit et al 75 showed that isolation of arrhythmogenic veins was as efficacious as empiric isolation of all veins in achieving long-term AF control. Using a different approach, Atienza et al 76 found that an ablation strategy aimed a targeting high dominant frequency sites was noninferior to circumferential PV isolation in achieving freedom from atrial tachyarrhythmias at 1 year despite shorter delivered ablation time and fewer isolated veins. Jiang et al found no difference in the incidence of reconnected PVs in patients without AF recurrence who underwent repeat LA mapping compared to those patients who underwent repeat left atrial mapping for AF recurrences after PVI. 77 Furthermore, emerging data focused on elucidating the triggering and sustaining mechanisms for AF beyond the PVs have shown the existence of organized reentrant circuits (rotors) or focal impulses that are not necessarily constrained to the PVs, are bi-atrially 
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Pulmonary vein isolation in the treatment of atrial fibrillation distributed in paroxysmal AF, and can be targeted with focal ablation in an attempt to improve outcome. 7 Further work is needed before a shift in acceptance of the paradigm notion that isolation of PVs is critical to the success of catheter ablation for paroxysmal AF.
The importance of electrical reconnection between the PVs and the LA
Although electrical disconnection can be achieved almost universally by the end of the procedure, long-term efficacy of catheter ablation remains modest, with single-and multiple-procedure success rates of 54% and 79%, respectively, recently reported for paroxysmal AF over longterm follow-up ($3 years). 78 Most patients will require 1-2 procedures (mean 1.2 procedures) to achieve reasonable efficacy. 67 The chief reason for this is recovered PV-to-LA conduction. 39, 67 Many studies have shown the time-dependent inevitability of PV conduction recovery and its relationship to future AF recurrence. Up to 50%-64% of PVs reconnect during an intraprocedural waiting period of up to 60 minutes after initially isolating the PVs. [79] [80] [81] Studies in which patients with AF recurrence were studied on second or subsequent procedures have shown that AF recurrence post-catheter ablation is usually associated with resumption of PV-LA conduction. 72, 73, 82 Importance of non-PV triggers in recurrence of AF Non-PV triggers, however, are also important, especially for late recurrence of AF. 39 Non-PV triggers have been reported in up to one-third of unselected patients with paroxysmal AF, with origin from various sites such as the posterior LA, the superior vena cava, the inferior vena cava, crista terminalis, fossa ovalis, coronary sinus, Eustachian ridge, ligament of Marshall, and adjacent to the AV valve annuli. 39 These triggers, when reproducibly provocable and mappable, may allow successful ablation of paroxysmal AF refractory to prior catheter ablation procedures in the presence of isolated PVs. However, ensuring that the PVs remain isolated is critical for determining ultimate success, which can be achieved in the majority of patients with one or more procedures. Indeed, in a recent randomized trial, redo AF ablation was substantially more effective than antiarrhythmic drugs in reducing the progression and prevalence of AF after the failure of an initial ablation. 83 It is important to note that late AF recurrence may also be due to ongoing electrical and structural remodeling of the atria as a result of comorbidities such as aging, heart failure, inflammation, diabetes, and obesity. 39 Recent studies have shown that aggressive risk factor management such as sustained weight loss (and avoidance of weight fluctuation), reductions in blood pressure, and improved glycemic control and lipid profiles was associated with reduced frequency, duration, symptoms, and symptom severity in AF. 84, 85 This translated to improved single-and multiple-procedure drugfree AF-free survival compared with control patients. 84, 85 However, there is recognition that there may be a subset of patients with paroxysmal lone AF with evidence of abnormal atrial substrate which may not reverse even after successful catheter ablation, and may even progress.
86
Reasons for electrical reconnection between the PVs and the LA
Putative reasons for resumption of PV-LA conduction are gaps within the ablation line 87 and/or failure to produce transmural lesions. 88 Gaps in lines allow resumption of PV-to-LA electrical activity allowing PV triggers to reinitiate AF and may also serve as triggers for other macroreentrant atrial arrhythmias. 72, 73, 79, 82, 89 In a histopathologic study in patients undergoing MAZE for recurrent AF after initially successful catheter ablation for AF, Kowalski et al 88 performed intraoperative assessment of PV-LA junction conduction during the procedure and took biopsies from the PV antrum at sites of endocardial scar. They found that PVs showing electrical reconnection after catheter-based RF ablation frequently exhibited either anatomic gaps or nontransmural lesions at sites of ablation. However nontransmural lesions in some PVs had evidence of persistent PV-LA block, suggesting the fact that lesion geometry may influence PV conduction. 88 Indeed, gap geometry has a critical influence on conduction through discontinuities in RF lesions such that bifurcated (Y-shaped) or angled gaps (containing two right angles within the conduction path) were less likely to produce bidirectional conduction block but were more likely to produce a unidirectional or rate-dependent conduction block than straight gaps. 90 Despite an apparently successful lesion at a particular site, conduction recovery over that site may occur. At such a site, there may be an acute loss of electrical signals and electrical inexcitability as both reversible and irreversible cell injury has occurred. Reversible atrial injury may stem from incomplete lesion formation that results in temporary electrical uncoupling but not cell death. Ablation of atrial 
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Kumar and Michaud tissue alters its electrophysiological behavior; this process is dependent on tissue temperature and distance from the ablation site. [91] [92] [93] Tissue heating can cause acute, transient conduction block. 91, 92 Furthermore, acute change in atrial electrophysiological properties (action potential changes) can be observed up to 3.5 mm away from the boundary of a lesion producing transient block.
Indeed, acute PVI may be achieved by a combination of reversible and irreversible circumferential tissue injury. 94 A broad anterograde wavefront of edema on the leading edge of each lesion may be present that is capable of producing conduction block. This possibility may explain why PVI can often be achieved without complete PV encirclement. 95 With time, tissue at the boundary of the lesion recovers normal conduction over the course of 1-4 weeks. 93 This allows for gaps within an ablation line to initially exhibit conduction block, and thus remain undetected (ie, electrically silent) during the index procedure. With time, as tissue recovers, conduction occurs through gaps in the ablation lines. 96 The size of the maximum permissible gap between each lesion varies as a function of tissue conductivity such that normal conductivity may produce conduction block despite a gap of up to 1.4 mm, whereas with impaired tissue conductivity, a gap length as large as 4 mm can acutely produce conduction block. 96 Gap geometry also influences conduction, with complex gap geometry through discontinuous ablation lines permitting unidirectional and/or ratedependent block. 90 Gap detection during an index case is facilitated by a visual log of lesions on an electroanatomic mapping system and via residual electrical signals detected by a multipolar mapping catheter placed at the PV-LA junction. Fundamentally, this will miss electrically silent gaps that can appear as a result of the aforementioned mechanisms. Dormant conduction can be identified by use of intravenous adenosine, which hyperpolarizes atrial cell membranes, permitting transient conduction at sites with incomplete cell destruction. 97 Whilst further ablation at these sites can improve AF-free survival, 80, 98 paradoxically it also identifies those patients with a greater likelihood of AF recurrence despite additional ablation, possibly reflecting global, incomplete transmural encirclement. 99 The Adenosine Following Pulmonary Vein Isolation to Target Dormant Conduction Elimination (ADVICE) trial, which randomized patients with adenosine-induced dormant conduction to no further ablation versus additional adenosine-guided ablation until dormant conduction was abolished, showed that this "provoke-and-ablate" strategy improved AF ablation outcomes. 100 High-resolution magnetic resonance imaging scanning and lesion thermography hold promise for gap detection and treatment but are not widely available. 87, 94, 96, 101 A unifying message from these studies is that acute electrical isolation does not reliably predict permanent electrical isolation.
Permanent conduction block across linear lesions requires transmural lesions. 102 There is a limited number of reliable, easily reproducible methods for assessing intraprocedural lesion completeness. Loss of bipolar capture post-ablation predicts the formation of uniform transmural lesions, especially if catheter-tissue contact can be optimized, 103 and is superior to electrogram-based detection of gaps in ablation lines. 104 Indeed, loss of electrical excitability along a circumferential PVI line reduces acute PV conduction recovery 105 and markedly enhances single-procedure success of AF ablation compared with bidirectional PV-LA conduction block alone. 106 Magnetic resonance imaging detection of lesion transmurality is promising but not universally available. 87, 94, 96 Importance of catheter-tissue contact force in creating durable PV-LA conduction block
One of the key factors that influences transmural lesion formation is catheter-tissue contact force (CF). Use of CF technology can improve lesion efficacy, reduce PV conduction recovery, 107, 108 and improve single-procedure efficacy. 109 Increasing CF has been shown to correlate with increasing lesion size, volume, and depth. [110] [111] [112] [113] [114] [115] [116] [117] Traditionally, contact has been inferred by using surrogate markers such as tactile feedback, catheter motion on fluoroscopy or nonfluoroscopic mapping systems, 117, 118 baseline electrogram amplitude and abatement with ablation and impedance decrease. 117, [119] [120] [121] [122] These surrogate markers have recently been shown to be of limited predictive value for actual contact. [123] [124] [125] [126] [127] [128] During catheter ablation of AF, low CF (,15 grams [g]) is implicated in longer duration of ablation to achieve acute PV isolation, 107, 123, 129 higher likelihood of acute PV conduction recovery, 107, 129, 130 and late recurrence of AF. 131, 132 All patients undergoing ablation with an average CF ,10 g experienced AF recurrence at 12 months, whereas 80% of patients with an average CF .20 g during the procedure were free of AF at 12 months in one study. 131 Furthermore, 75% of the patients treated with ,500 grams × seconds (g*s) experienced recurrent AF, whereas only 31% of the patients treated with .1,000 g*s had recurrences at 12 months. 131 The importance of quality of CF, not quantity alone, was emphasized in the prospective, multicenter SMART-AF trial that evaluated 
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Pulmonary vein isolation in the treatment of atrial fibrillation the safety and effectiveness of an irrigated CF catheter in patients with paroxysmal AF. This study demonstrated that an absolute higher CF per se did not correlate with improved AF-free survival. If the investigator worked in their preselected working range of CF $80% of the time, this translated to a four-fold increase in freedom from recurrent AF. It is important to note, however, that the use of this technology did not reduce the incidence of complications related to the force applied to the catheter tip. 133 The optimal CF required to create transmural lesions safely is also not clear. Whilst the aforementioned studies showed superior outcomes with .20 g of CF, other studies using EGM criteria for assessing lesion transmurality showed that an average CF .16 g or force-time integral (FTI) .404 g*s had excellent sensitivity and specificity (.80%) for predicting a transmural lesion based on EGM criteria. 134, 135 The EFFICAS I study examined 46 patients undergoing PV isolation for paroxysmal AF by operators blinded to CF. 132 Of the 46 patients, 40 underwent a repeated interventional study at 3 months to assess gap location and its relationship to CF recorded at the index procedure. PV segments with a FTI ,400 g*s had a 79% likelihood of remaining isolated, whereas those with a minimum FTI .400 g*s had a 95% chance of remaining isolated. 132 Reconnection correlated strongly with minimum CF and minimum FTI at the site of gap.
Although monitoring of catheter-tissue CF appears to improve lesion efficacy, rigorous impedance monitoring in combination with catheter stability also results in better lesion efficacy. Anter et al 136 showed that an automated RF ablation combining preset criteria of catheter stability (#2 mm catheter motion for .15 seconds) in addition to an impedance decrease of $5% resulted in improved outcomes. This study showed a lower incidence of "gaps" upon completion of the anatomic ring, higher incidence of effective lesions, lower frequency of acute conduction recovery, and a trend toward higher arrhythmia-free survival at 6 months with these preset criteria. The comparator group were patients who had ablation based on the operator's own definition of catheter stability and lesion efficacy based on conventional modalities such as fluoroscopy, intracardiac echocardiography, and review of changes in tissue impedance and local electrogram. 136 Reichlin et al also showed a very high incidence of AF-free survival when point-by-point wide antral PVI was performed, with each lesion achieving at least a 5-ohm fall in impedance. 137 Hence, conscious efforts to improve lesion transmurality by meticulously achieving preset goals of biophysical parameters for every lesion is likely to provide the greatest improvement in single-procedure efficacy. 106, 108, 137 
Complications of catheter ablation for AF
Complications of catheter ablation are also covered in detail elsewhere 39, [138] [139] [140] and are summarized in Table 1 . 138 A recent meta-analysis of all AF ablation studies showed that the complication rate is 2.9% (95% confidence interval 2.6-3.2). 138 Rates of serious complications, however, are low in experienced hands in patients with paroxysmal AF with no structural heart disease. 141 Common serious complications are usually related to vascular access or cardiac perforation related to catheter manipulation or transseptal puncture causing tamponade. Less frequently, serious collateral injury to structures contiguous with the LA, such as the phrenic nerve or esophagus, is observed. Procedural modifications have reduced the incidence of thromboembolism (eg, stroke) related to subtherapeutic anticoagulation in the peri-and intraprocedural period, and PV stenosis related to ablation within the PV ostium. 
Conclusion
This review summarizes the contribution of the PVs to AF maintenance, pertinent aspects of PV electrophysiology that contribute to the initiation of AF, and the role of PV isolation as the cornerstone of modern AF ablation strategies. Important differences in the anatomic, autonomic, and electrophysiologic properties of the PVs play a key role in the initiation and maintenance of AF, although much further work is needed to elucidate specific mechanisms by which AF initiates within the PVs. Despite an exponential increase in AF ablation procedures worldwide, efficacy remains suboptimal, likely due to inability to create durable transmural lesions with subsequent recovery of electrical conduction. Important challenges remain to refine catheter ablation to make it a procedure that provides long-term control of AF. 
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